Introduction
The unusually strong interactions between gold and DNA have attracted tremendous attention because of their importance in biology, medicine, and nanotechnology. [1] [2] [3] Generally, due to significant relativistic effects, [4] [5] [6] gold tends to show a unique covalence in bonding with soft Lewis bases. [6] [7] [8] [9] [10] [11] Particularly, gold nanoparticles can be stabilized by thiol-derivative monolayers and the adsorptions are mainly dominated by the interactions between Au and thiolate. However, Herne et al. found that nonthiolated single-stranded DNA (ssDNA) could still bind to gold surfaces. 12 Experimental studies have also shown that DNA bases interact with gold clusters in a complex and sequence-dependent manner. [13] [14] [15] Consequently, the interactions of gold clusters with DNA bases play an important role in these processes. Investigation of gold-nucleobase interactions in detail can provide insight into the interactions of gold with DNA and help to find potential applications of gold clusters and nucleobase complexes. 16 Many experiments have been conducted to study the interactions of nucleobases with gold surfaces and gold nanoparticles in condensed phases. 15, [17] [18] [19] [20] [21] [22] However, experimental studies of the interactions between gold clusters and nucleobases in the gas phase are rather scarce. In order to understand the nature of nucleobase-gold interactions, it is necessary to investigate the isolated systems where the effects of the environments are absent. Gas-phase studies on the nucleobase-gold interactions can be used as an alternative approach to help the understanding of the mechanism of gold clusters binding to nucleobases.
On the other hand, a number of gold-nucleobase compounds were studied theoretically in recent years. 16, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Kryachko et al. 25 investigated the interactions of Au 3 and Au 4 neutral clusters with DNA bases and found that the most stable planar complexes were formed via N-HÁ Á ÁAu or O-HÁ Á ÁAu nonconventional hydrogen bonds (NCHB). Recently, Martinez 35 carried out a density functional theory (DFT) study on the interactions between nucleobases and neutral gold clusters of up to 20 Au atoms. They found that the gold clusters with an odd number of atoms and planar structures have better donor-acceptor properties. These characteristics of gold clusters were also confirmed by other researchers. 37 The NCHB features were also found in the interactions of metal ions and small clusters of Cu, Ag and Au with pterins. 38 In our preceding paper, we provided the experimental evidence for the existence of NCHBs in the nucleobase-gold complexes and found that the gold anion can stabilize certain tautomers of nucleobases. 39 In order to help the understanding of the nucleobase-Au 2 À interactions, here we carried out a joint photoelectron spectroscopy (PES) and DFT study on the nucleobase-Au 2 À complexes. The vertical and adiabatic electron detachment energies are measured experimentally along with the PES spectra. The geometries of the anions are determined through DFT calculations with scalar relativistic (SR) and spin-orbit (SO) coupling effects.
Experimental details
The experiment was conducted on a home-built apparatus consisting of a time-of-flight mass spectrometer and a magneticbottle photoelectron spectrometer, as described elsewhere. 40 The UAu 2 À , TAu 2 À , CAu 2 À , AAu 2 À and GAu 2 À cluster anions were produced by laser vaporization of rotating and translating disk targets with the second harmonic (532 nm) of a nanosecond Nd:YAG laser (Continuum Surelite II-10). Each disk target was prepared by pressing a powder mixture of gold (99.99%) and nucleobase (uracil, Alfa Aesar, >99%; thymine, Alfa Aesar, 97%; cytosine, Sigma-Aldrich, 99%; adenine, Sigma-Aldrich, 99%; guanine, Alfa Aesar, >98%) at a molar ratio of 1 : 2. Helium gas with a backing pressure of 5.5 atm was delivered through a pulsed valve into the laser ablation source to cool the formed cluster anions. These cluster anions were mass-selected and photodetached with 266 nm or 193 nm photons. The resultant electrons were energy-analyzed by the magnetic-bottle photoelectron spectrometer. The photoelectron spectra were calibrated using the spectra of Cu À and Au À taken at similar conditions. The resolution of the photoelectron spectrometer was approximately 40 meV for electrons with 1 eV kinetic energy. all-electron 6-31++G(d,p) basis sets were used for the atoms in the nucleobases, and the Lanl2dz basis set and associated effective core potential (ECP) were used for gold during the optimization calculations. We tested the theoretical method used by calculating the bond length of Au 2 and compared the result with the experimental measurements. The result obtained using the B3LYP functional with the Lanl2dz basis set is in good agreement with the experimental data in the literature. 44 Estrin et al. 45 confirmed that the structures, relative energies, and vibrational frequencies of the tautomers of uracil and thymine calculated by using local and gradient-corrected density functionals agree well with the experimental results. Sambrano et al. 46 conducted a theoretical study on the tautomers of cytosine using hybrid B3LYP with the 6-31++G(d,p) basis set and found that the calculated results were consistent with the experimental data. Therefore, B3LYP/6-31++G(d,p),Lanl2dz is suitable for the calculation of nucleobase-Au 2 À cluster anions.
Computational details
The predominant tautomers of the nucleobase were taken into account in the search for low-energy isomers of these complexes. No symmetry constraint was imposed during the geometry optimizations. The vibrational frequencies were calculated to confirm that their structures are real local minima. The natural bond orbital (NBO) 47, 48 analyses of the nucleobase-Au 2 clusters
were also performed at B3LYP/6-31++G(d,p),Lanl2dz to gain insights into the charge distributions of the nucleobase-Au 2 À cluster anions. The zero-point energy (ZPE) corrections were included for all the calculated energies. To further understand the nature of the NCHBs in these gold cluster-nucleobase complexes, we also performed topological analysis by means of Bader's atoms in molecules (AIM) theory 49, 50 to calculate the electron density, the Laplacian of the electron density at the bond critical points (BCP). The topological analysis was carried out using Multiwfn 2.6.1 package. 51 To investigate the spin-orbit (SO) coupling effects on the VDE energies for these open shell complexes, density functional calculations were carried out on the neutral and negatively charged Au 2 -nucleobase clusters using Amsterdam Density Functional program (ADF 2012.01). [52] [53] [54] In these calculations, the generalized gradient approximation (GGA) of the PerdewWang exchange-correlation functional (PW91) was employed.
The uncontracted Slater basis sets with the quality of triple-zeta plus two polarization functions (TZ2P) were used, with the frozen core approximation applied to the [1s 
Results and discussion
The photoelectron spectra of Fig. 2 and 3 . The calculated relative energies, VDEs, ADEs, and natural charges from NBO analyses of these isomers are summarized in Table 2 . The VDEs were obtained based on the energy difference between the neutral and anion clusters at the ground state geometry of the anion.
UAu 2 À , TAu 2 À , and CAu 2
À
As can be seen in Fig. 2 , the lowest-lying isomer 1A of UAu 2 À has a planar structure with C s symmetry. The structure of (8) 2.52 (8) a All the energies are in eV. The numbers in parentheses indicate the uncertainties in the last digit. As seen in Fig. 3 , the lowest-energy isomer 4A of AAu 2 À has a nonplanar structure with C 1 symmetry. The lowest-lying isomer 4A is formed by attaching the Au 2 À anion to the C8-H and N9-H of the canonical tautomer, similar to the structure of AAu 2 À calculated by Martinez. 56 In the planar structure of isomer 4B, two sets of N-HÁ Á ÁAu groups are formed when the Au 2 À anion interacts with the two N10-H bonds of adenine. The calculated VDE and ADE of isomer 4A are 2.75 eV and 2.57 eV, respectively, in good agreement with the experimental values (2.65 eV and 2.46 eV). Although the calculated VDE of isomer 4B (2.48 eV) is close to the experimental measurement, isomer 4B is higher than isomer 4A by 0.29 eV in energy, indicating that isomer 4A is the most probable isomer in the experiment. The two low-lying isomers 5A and 5B of GAu 2 À both have nonplanar structures with C 1 symmetry. Isomer 5A can be considered as the Au 2 À anion interacts with the N1-H and N10-H bonds of the K-N9H tautomer of guanine. The theoretical VDE (2.94 eV) of isomer 5A agrees with the experimental value (2.73 eV) estimated from the first strong peak in the spectrum of GAu 2 À (Fig. 1) . In isomer 5B, the gold cluster anion interacts with C8-H and N9-H of the canonical tautomer of guanine. While the theoretical VDE of isomer 5B (2.74 eV) is in reasonable agreement with the experimental value, isomer 5B is less stable than the Paper PCCP lowest-energy isomer 5A by 0.20 eV. So isomer 5A is the most probable isomer detected in our experiment.
Gold has large relativistic effects, which significantly increase the relativistic stabilization and contraction of the 6s shell. [4] [5] [6] The relativistic effects mainly consist of SR and SO coupling effects. The reduced 6s-5d energy gap due to relativistic effects leads to hybridization of the atomic s-d levels and overlap of the 5d shells of adjacent atoms in the cluster, thus resulting in a high stability of the Au n cluster. [57] [58] [59] [60] [61] [62] In order to investigate the SO coupling effects on nucleobase-Au 2 À cluster anions, we also performed theoretical calculations with inclusion of the SO relativistic effects using the ADF 2012.01 program. [52] [53] [54] These VDEs calculated at SR and SO are summarized in Table 3 . All the differences in energies between the VDEs computed at SR and the corresponding VDEs calculated at SO for the most probable isomers are within 0.02 eV, indicating that the SO coupling effects have little influence on the VDEs for nucleobase-Au 2 À anions. Our analysis shows that the HOMO of UAu 2 À (1A) only contains 4.8% Au 5d and 9.2% Au 6p characters. It results in less SO splitting for UAu 2 À since the SO coupling effects are mainly from the Au 5d and Au 6p orbitals. The differences between the VDEs calculated at SR and SO are very small, indicating that the above-mentioned comparison between experimental values and theoretical results computed at the SR level via Gaussian package is valid. To further make certain the accuracy of the methods used, the VDE of UAu 2 À (1A)
was calculated using B3LYP/6-31++G(d,p),Lanl2dz, B3LYP/ aug-cc-pVTZ,aug-cc-pVTZ-PP, DFT-D 63,64 /TZ2P, and CAMY-B3LYP 65 /TZ2P calculations. These calculations were implemented in ADF2013.01 [52] [53] [54] and the results are given in Table 4 . The first VDE calculated at B3LYP/6-31++G(d,p),Lanl2dz level is slightly larger when compared with the DFT-D and CAMY-B3LYP results. We also note that the different basis sets do not show a significant effect on the calculated VDE of nucleobase-Au 2 À cluster anions.
As can be seen in Fig. 2 and 3 , and Table 2 , the similarities in both structures and bonding of the low-lying isomers of nucleobase-Au 2 À are clearly shown. In these isomers, the Au 2 À anion unit still maintains its structure similar to the isolated Au 2 À cluster anion. The N-HÁ Á ÁAu interaction exists in all nucleobase-Au 2 À complexes except for isomer 3C. In the N-HÁ Á ÁAu interactions of the most probable isomers, the N-H bond is elongated compared to the isolated nucleobase molecule and the HÁ Á ÁAu distance (2.44 to 2.52 Å) is smaller than the sum of van der Waals radii of H (r H = 1.20 Å) 66, 67 and Au (r Au = 1.66 Å). 68 The N-HÁ Á ÁAu unit has a nearly linear arrangement.
Besides, C-HÁ Á ÁAu interactions also exist in some isomers of the nucleobase-Au 2 À anion such as isomer 3C. The analyses of the NBO charges show that the excess charge is mainly localized on the Au n units. The charge transfers slightly from the Au 2 À to the N-H or C-H bond. Both N-HÁ Á ÁAu and C-HÁ Á ÁAu interactions in the most probable isomers are clearly threecenter four-electron bonds (3c-4e) in nature. These are all in accordance with the prerequisites of nonconventional hydrogen bonds 24, 25, [69] [70] [71] and also satisfy the definition of hydrogen bonds proposed by IUPAC. 72 Therefore, the combination of the experimental results and theoretical calculations suggests that the Au 2 À anion interacts with the nucleobases mainly via N-HÁ Á ÁAu or C-HÁ Á ÁAu hydrogen bonds. As seen in Table 5 , the percentage of p orbital character in the s-bonding hybrid of the N1-H7 bond and the C6-H10 bond of the UAu 2 À cluster anion is less than that in the corres- The topological analysis of electron density has shown that the BCP of (3, À1) topology exists in all the N-HÁ Á ÁAu and C-HÁ Á ÁAu bonds of nucleobase-Au 2
. The properties of electron density (r(r)), the Laplacian of electron density (r 2 r(r)), the eigenvalues of the Hessian of the electron density (l 1 , l 2 , and l 3 ), and the ellipticities (e = l 1 /l 2 À 1) of the lowest-energy isomers of UAu 2 À and UAu À calculated at the BCPs are presented in Table 6 . The electron density r(r) is above zero and in the proposed range of 0.002-0.035. The Laplacian of electron density (r 2 r(r)) is simply the sum of the eigenvalues l 1 , l 2 , and l 3 , above zero and in the proposed range of 0.024-0.139. These are all in accordance with the criteria for the hydrogen bonds suggested by Popelier. 73, 74 A link between the electron density r(r) and the bond strength has been suggested before. 75 As shown in Table 6 , 
Conclusions
We measured the photoelectron spectra of nucleobase-Au 2 À and investigated the structures of these clusters with density functional calculations. By comparing the calculated VDEs with the experimental measurements, the structures of nucleobase-Au 2 À anions are determined. Spin-orbit coupling does not show a significant influence on the VDEs of nucleobase-Au 2 À anions. In the nucleobase- 
